Introduction
Eucalyptus globulus Labill. ssp. globulus is a temperate species native in Australia (Tasmania, Bass Straight Islands, and Southern Victoria), where it grows at low altitudes along the coastline, at latitudes between 39 and 43°S. Successful plantations have been established at similar latitudes and climate in both the Northern (e.g., Portugal and Spain) and Southern Hemispheres (Western Australia, Chile, or Uruguay). However, the species finds also exceptional growing conditions in Colombia's central highlands, at latitude 1.5 to 6°N and altitudinal ranges between 1,900 and 3,000 m (Venegas 1989) . These regions have a temperate highland tropical climate, with distinct but mild dry "winters" (of type Cwc, according to the Köppen-Geiger classification; Kottek et al. 2006) . It has also a peculiar rainfall distribution around the year, with two drier periods in January and June/ July and two wetter periods in April/May and October/ November. This is the first time a thorough investigation of the genetics of E. globulus is carried out under such ecological conditions. E. globulus constitutes an important forestry resource in Colombia, supplying Smurfit Kappa Cartón de Colombia's paper mill (the largest in the country) with a significant proportion of its total short-fiber pulpwood requirements. The species is also popular for mine levers, light posts, greenhouse structures, and stacks (Salas and Salazar 2007) . Typical harvesting age is around 10 years for pulpwood, but may be considerably longer depending on the end uses. The introduction of E. globulus ssp. globulus in Colombia is thought to have taken place in the late nineteenth century, although the original sources remain unknown. To broaden the genetic basis and support a genetic improvement effort for the species in Colombia, Inderena, the country's Natural Resources National Institute at the time, established in 1982 a large progeny/provenance trial, near Bogotá. The collection included several families collected from native stands in Tasmania and the Bass Strait Islands of King and Flinders, by the then Forestry Commission (Australia). This initial trial was subsequently thinned and converted into a seed orchard (Venegas 1989) . Between 2006 and 2007, seed was collected from 129 trees in this trial, each one belonging to a different family, hence preserving nearly all of the initial family and provenance structure. These second-generation families were subsequently established, in 2008, at three locations also in Colombia's central plateau.
The objectives of this study were to (1) compare the merit of the Colombian landrace relative to the various Australian native races and (2) study the genetic control and stability across sites of key traits for this species in the unique ecological conditions of the Colombian highlands. The variables studied included growth over time, wood density, and height at which leaf phase changed from juvenile to adult type. Such information is important to optimize the selection strategies to be implemented in the third-generation breeding program of this species. The genetics of leaf type changes is relevant in the context of its relationship with tolerance or avoidance mechanisms against pests and diseases (as discussed in Steinbauer 2002; Brennan and Weinbaum 2001; Milgate et al. 2005) , some of them of economic importance to E. globulus worldwide.
Materials and methods

Original (first-generation) collection
The original seed collection included in this study consisted of a total of 158 open-pollinated families, 106 of which are of Australian origin (ex-native stands) and 52 from the Colombian landrace. This collection was established at a single site in 1983, at the La Florida site. The Australia families were collected at several locations in Tasmania, King Island, and Flinders Island and belong to what has been referred to as the "Orme Collection" since it was originally assembled by Keith Orme, then at the Forestry Commission in Tasmania (Australia). This collection represents mainly E. globulus ssp. globulus core populations and has been distributed to several organizations in many countries (e.g., Orme 1978; Volker and Orme 1988) . Details of the locations and racial classification from where these seedlots have been sampled are given in Table 1 . The racial classification used followed Dutkowski and Potts (1999) . In the collection, Northeast Tasmania, southeastern Tasmania, and southern Tasmania are well represented, with over 25 families each. The Bass Strait Islands races (King Island and Flinders Islands) are much worse represented, with only five families each; Western Tasmania, a small possibly relic population, and Recherche Bay have intermediate representation, with ten families each. The families of Colombian landrace were collected from plus trees selected in commercial stands and woodlands in the Boyacá, Cundinamarca, and Nariño departments.
Second-generation population
Between 2005 and 2007, open-pollinated seeds were taken from a single offspring tree from each of 129 of the original 158 families present at the La Florida trial. These families included 80 of Australian origin and 49 from the Colombian landrace. Since seed was collected from only one tree per family, the 129 second-generation families remained unrelated from their mother's side, but shared a common pollen source. They are expected to have a half-nephew/half-uncle relationship (i.e., an intra-class relationship of 1/8), with the corresponding first-generation families from where the mother tree was sampled. Since the 129 mother trees from where seed was sampled were known, there are also some parentoffspring relationships between the two trial series.
Field trials
The single trial with the original (first-generation) collection and the more recent (second-generation) progeny trials are all located in the Cundiboyacense Plateu, in Central Colombia (Table 2 ). The experimental design at the La Florida trial consisted of nine randomized complete blocks, with each family represented initially by a five-tree plot in each replicate. The five trees were displayed in a shape of a cross, with the central tree surrounded by the other four at a closer spacing of 1 m apart, and central trees spaced 5 m apart from the next central tree of the neighbor plot. At age 6, the trial was thinned, leaving in each plot the best tree out of the five, hence converting the experiment to a single-tree plot design, albeit with a somewhat irregular spacing. The three secondgeneration trials (denoted Firavitoba, Tuta, and Santa Rosa) were established as 15 randomized complete replicates with a single tree per family per replicate and the trees planted at a 3× 3-m spacing. All sites were cultivated prior to planting and fertilized at planting. Subsequent maintenance included manual and chemical weed controls as required.
Measurements
The variables measured at the La Florida trial were diameter at 1.3 m (diameter at breast height, dbh) at ages 3, 11, 17, and 23 and wood density at age 11, based on a single wood drill core taken also at 1.3 m and using a standard Pressler borer. The density, based on cores, was measured using the standard water displacement method to calculate green volume over its corresponding oven dry weight. Although thinning was carried out at age 6, the 3-year-old measurements refer only to the trees which remain after the thinning. In the three second-generation trials, measurements included tree height and dbh at ages 1, 2, 3, and 4 years. From these measurements, volume under over bark per tree was estimated using the following equation:
where V is total volume over bark per tree (in cubic meters), D is the diameter at breast height (in centimeters), and H is total height (in meters). The volume equation was developed for young E. globulus growing in Chile, by Gilabert and Paci (2010) , and was used here since no specific volume equation for E. globulus is available in Colombia.
At age 2.6 years, height where transition from juvenile to adult leaf form occurred was first recorded (denoted height to phase change or HTPC thereof). This was taken as the height where leaves started to be petiolated and having the lanceolated shape, typical of the E. globulus adult leaves. In trees where phase change had not occurred by age 2.6 years, a new measurement was taken at age 3. By then, only 0.6, 2.7, and 3.6 % of the trees in Santa Rosa, Firavitoba, and Tuta, respectively, had its entire canopy with juvenile foliage. In this case, its height to phase change was set to the total height at age 3.
Statistical analysis
To provide with an appropriate test of significance for race effects, a simple model was first fitted to the data, of the type (model 1)
where r is the vector of fixed effects due to replicates within site and groups (or races); f the vector of family effects (within race), fitted as random; and e w the within-family residual. The matrices X and Z are design matrices, relating the vector of y measurements to their corresponding effects. Test of significance for race effects was based on an F statistic, derived from Wald test's incremental form (Gilmour et al. 1998) , with the numerator degrees of freedom (df) equal to the number of races and the denominator df approximated as the residual degrees of freedom.
Variance and covariance between traits within a site were estimated using a family model similar to model 1, but now considering family and error variance-covariance matrices as F ⊗I t , where F is the family variance-covariance matrix between traits (assumed unstructured and of size t ×t), I t is an identity matrix of size t (the number of traits), and ⊗ is the Kronecker product of matrices.
A multisite analysis was carried out between the three second-generation trials. This was also based on a family model of the type
where r includes now the fixed effects due to sites, replicates within site, and groups (or races) within site; f the family effects within race and site, fitted as random; and e w the within-family residual. The matrices X and Z are design matrices relating observations to corresponding effects. Family effects were defined as S ⊗I s , where S is the s ×s family variance-covariance matrix across sites (assumed unstructured) and I s is an identity matrix of size s (the number of sites). This implies a separate family variance at each site, and since the same families are tested across sites, the corresponding pairwise family covariances are also estimable. Finally, the error term was fitted to each site as
Therefore, in model 2, each j th site had its own independent within-family residual variance (σ ewj 2 ), with R having a diagonal structure.
Finally, for the analysis which pooled the first-and secondgeneration trials, an additive individual tree model with genetic groups was fitted (Westell et al. 1988; Da and Grossman 1991) . This can be expressed as
where y is the vector of observations, r is the vector of fixed effects due to sites and replicates within site, a the vector of additive genetic effects, and g the race effects within site, both fitted as random; e is the residual. The matrices X and Z are design matrices relating observations to corresponding effects; the elements in Q are the fractions relating each tree to the contributions of the corresponding races in its genetic value. The variance structure for the additive genetic effects are now given as G =A ⊗G s , where G s is the variance-covariance matrix for the additive genetic effects across sites and A is the numerator relationship matrix amongst all individual trees.
Although no individual tree was tested across sites, many trees are related, either as half-sibs (among second-generation trials) or as uncle-nephew and parent-offspring (between the firstgeneration trial and the other three second-generation trials). As previously, model 3 assumed a heterogeneous error term as
The genetic grouping is relevant when pooling first-and second-generation trials because there are different sources of pollen involved in the first-and second-generation open-pollinated families. In the first-generation trial, male and female backgrounds are the same (since seed was collected in native stands). However, in the second-generation collection, this was not the case. Although female parents belonged to a known ancestral group or race, the pollen would be a mix of several races present at the La Florida trial, assuming the pollination had a reasonable mixture of genetic backgrounds. Therefore, the genetic groups need to consider not only the various Australian races and Colombian landrace but also a mix-pollen group to account for the mixed paternal background of the second-generation families.
The various solutions to the mixed model equations and corresponding variance-covariance estimates were solved based on a REML/BLUP method using the AsReml software (Gilmour et al. 1998) . Heritability estimates assumed an intraclass correlation among family sibs of r = 1/3 , hence considered a substantial but unknown amount of selfing is present (see Squillace 1974 for a derivation of r based on selfing rates and sib relatedness). Hence, for model 2, heritability was calculated as For model 3, a direct estimate of b σ 2 a was obtained, but it assumes r =1/4. A correction for r =1/3 was done as
where b σ 2 a and b σ 2 e are the original estimates of additive genetic and error variance and k =3.3/4. Genetic correlations were estimates for model 1 (multi-trait) and model 2 (multisite) as
And for model 3 (multisite) as
where b σ f1;f2 and b σ a1;a2 are the family and additive genetic covariances, respectively, either between traits or for the same trait between trials.
Standard errors for heritabilities and correlations were approximated by the so-called delta method (viz., Lynch and Walsh 1998), as calculated using AsReml. Whenever relevant, significance of random effects was calculated based on a likelihood ratio test (McCullagh and Nelder 1989) with 0.5df.
Results
Site means and race effects
Mean productivity and height to phase change varied significantly between sites. Of the three second-generation trials, Santa Rosa had the fastest growth at age 4, with an average height, diameter, and estimated tree volume of 11.2 m, 9.7 cm, and 0.035 m 3 , respectively, which correspond to a mean annual increment at age 3 of approx. 12 m 3 ha −1 year −1
. Mean volumes at Firavitoba and Tuta were only 0.010 and 0.004 m 3 , respectively. The initial growth of the first-generation La Florida trial was slower compared with the second-generation trials, at least until age 3. However, by age 7, its diameter seems to fall within the expected growth trajectory of the fastest growing Santa Rosa trial. After age 11, diameter increments at La Florida had clearly slowed down, but by then, the mean diameter was an impressive 40 cm.
Race effects for growth were significant only at the La Florida site, and only at ages 7 and 11 (Table 3) . At this site, King Island was initially the best race, but by age 23, it has been outperformed by Flinders Islands and SE and NE Tasmania races. The Colombian landrace had an intermediate performance, relative to the native Australian races, at least until age 11, but by age 23, the Colombian landrace was one of the worse in the trial. In the three second-generation trials, race differences for growth (height, diameter, and volume) were always small and never statistically significant (Table 4) . At Santa Rosa and Tuta, where race differences were nevertheless more pronounced, the best races included Western Tasmania and Flinders Islands, whereas the Colombian landrace was ranked below average. Wood density was only measured at age 11, and only at the La Florida site. Here, differences between races were highly significant (Table 3) , with King Island and Recherche Bay having low densities (540 and 556 kg/m 3 , respectively), whereas the Colombian landrace, Furneaux, and SE Tasmania had the highest (around 587 kg/m 3 ). Differences in HTPC between trials were small but significant, being 4.2, 4.6, and 4.0 m at Firavitoba, Santa Rosa, and Tuta, respectively. The HTPC was related to the trial's total height, with faster growing sites changing leaf type at a higher height. The HTPCs differ significantly between races at all sites (P <0.001; Table 4), with race effects remaining stable across sites. Western Tasmania, Furneaux Group, and King Island changed to adult foliage at a much lower tree height than the NE and Southern Tasmanian races or the Colombian landrace, the differences being often greater than 1 m.
Genetic parameters
The estimated heritability for growth ranged between 0.10 and 0.40 (Table 5 ). The diameters were measured at the La Florida trial between ages 3 and 23, hence allowing for a thorough analysis of the trend in heritability and the corresponding ageage correlations over an extended period of time. The heritability increased from 0.10 at age 3 to a maximum of 0.36 at age 17, dropping somewhat afterwards, to h 2 =0.22. In the second-generation trials, measured between ages 1 and 4, heritability for diameter and height also improved with age, from around h 2 =0.14-0.21 at 1 year to h 2 =0.20-0.32 at 4 years. HTPC had a much higher heritability than growth, ranging between 0.42 and 0.69. Wood density, based on cores at age 11, had a heritability of 0.28.
The correlation between height, diameter, and volume was consistently strong at all ages (r G ranged between 0.66 and 0.98; data not shown), as well as the correlation between traits measured at different ages (Tables 6 and 7) , except for measurements taken at ages younger than 2 years.
The genetic correlation between diameter and density at age 11, estimated only at the La Florida site, was 0.07±0.19 (Table 7) . The correlations between height or diameter and HTPC at age 3, assessed in the second-generation trials, were in general positive but low to moderate in magnitude ( Table 8) .
The across-site genetic correlations for HTPC were always high (around 0.9; Table 9), as were the correlations between BLUP estimates of race effects (at around 0.7; results not shown). Finally, the pairwise, across-site genetic correlations for diameter growth were consistently high among the three second-generation trials (from 0.75 to 0.87), but not between either of them and the first-generation trial at the La Florida site (correlations between −0.03 and 0.34; Table 9 ).
Discussion
The relative performance of E. globulus races and provenances has been investigated previously (see Eldridge et al. 1997; Potts et al. 2004 for a review), but these studies have focused on mid-latitude regions, such as the specie's The results indicate that race effects are not important for growth. Differences were only statistically significant in the older trial, which was based on native stand seed. Here, King Island was the best race until age 11, although differences disappeared by age 23. King Island has been found as one of the fastest growing sources in other studies (e.g., Volker and Orme 1988) , albeit also more susceptible to drought (Soria and Borralho 1997; Dutkowski 1995; Dutkowski and Potts 2012) . In some of these studies, some races have been proven to be often superior in growth to King Island, namely, Otways and Strezlezcki Range (e.g., Jordan et al. 1994) . Unfortunately, these races are not represented in the present collection. The Colombian landrace, of unknown origin, was intermediate in growth. Given the relatively large intra-race genetic variance and the modest race differences found, there would be no reason to favor selection within any specific race as outstanding individuals are likely to be found across all of them, including the Colombian landrace. However, race differences have been more marked for the other traits. Density was significantly lower in King Island and Recherche Bay, whereas the Colombian landrace had the highest density of the lot. King Island is well known for its lower wood density (e.g., Dutkowski and Potts 1999) . Given the importance of wood density for pulpwood production (e.g., Borralho et al. 1993; Greaves et al. 1997) , the results Table 5 Heritability for height; dbh; height to phase change and density at ages 1-23 at the La Florida (first-generation) and Firavitova, Santa Rosa, and Tuta (second-generation) progeny trials; and associated standard errors (in parenthesis) Trait/age ( emphasize the importance of the Colombian landrace material as a useful genetic resource for further selection, and certainly discourage the use of King Island and Recherche Bay, despite their good growth. Race differences were also highly significant for HTPC. King Island, Western Tasmania, and Flinders Island changed leaf type at a higher tree height (and at a later age) compared with the Colombian landrace and Eastern Tasmanian races. The mean race values for HTPC were very similar with those reported by Jordan et al. (2000), Dutkowski and Potts (1999) , and Potts et al. (2004) . Although no detailed analysis of the architecture of the crown was conducted, the results suggest that taller trees would result from both longer internodes (Jordan et al. 2000) , and more of them, hence the less than proportional HTPC relative to total height. Based on its relative performance for growth, but especially considering the wood density and HTPC estimates, the results suggest that the Colombian landrace may be genetically distinct from both the Tasmanian and Bass Strait races present. This may point to a Victorian origin, something which can only be confirmed with the use of molecular markers, as done elsewhere (Freeman et al. 2007 ). Heritability estimates for growth are within the upper range reported for the species (see Potts et al. 2004; Stackpole et al. 2010 for a review on this topic) and provide ample opportunities for effective selection for growth. HTPC had a higher heritability, which is consistent with other estimates (e.g., Dutkowski and Potts 1999; Jordan et al. 1999 Jordan et al. , 2000 Hamilton et al. 2013) . Finally, the heritability estimate for density was 0.28, which is lower than usually reported for eucalypts (e.g., Borralho et al. 1992a; Raymond and Apiolaza 2004) . This may be due to the poor accuracy of the volume displacement methods (to measure green volume) when wood samples are small, as with tree cores used here.
The two series of trials have a somewhat different genetic structure. In the first-generation trial, the Australian seed was collected in native stands; hence, the open-pollinated families are expected to express some within-stand neighborhood inbreeding (viz., Hardner et al. 1996) . In the secondgeneration series of trials, seed was collected ex situ and is expected to have been pollinated by a mix of unrelated parents at the La Florida site. The pollination would include several races, and this would result in a breakdown of the ancestral relatedness present in the original collection. Comparing the genetic parameter estimates from the two series of trials at the same age (i.e., 3 years), the La Florida trial had a significantly lower heritability (h 2 =0.10) than the other three trials (0.18-0.29). This is surprising, firstly because one would expect that the intra-family inbreeding present in the native stand material would exacerbate family differences and heritabilities (viz., Borralho and Potts 1996; Potts et al. 2004; Costa-e-Silva et al. 2010a, b) . Secondly, the La Florida site was selectively thinned, with the worse trees within a plot being removed. This is expected to reduce the within-family variance, and therefore biasing upwardly the heritability (viz., Matheson and Raymond 1984) . Nevertheless, by age 11, the heritability at La Florida recovered and was similar to the other three trials.
A consistent result across trials was the increase in heritability over time. This is expected since annual increments were strongly correlated. Henceforth, late assessments can be considered as repeated measurements of early ones, causing the residual deviations of each annual increment to drop and the accuracy to improve with time (viz., Wei and Borralho 1996) . Only at very early ages (2 years or less) was height a poor indicator of later volume. This suggests that selection should not be done earlier than age 3, a conclusion which agrees with previous studies by Borralho et al. (1992b) and Greaves et al. (2003) . After age 3, age-age correlations remained high even when age intervals were as long as 20 years (r G =0.53). After age 11, age-age correlations were consistently close to 1.
Growth and density were genetically independent, with a correlation very close to 0, a result which is consistent with other studies in Eucalyptus (e.g., Muneri and Raymond 2000) . Since growth and density are key traits in breeding for pulpwood production, the lack of association between them implies that the two should be included in the selection criteria; otherwise, overall gains would be suboptimum (Borralho et al. 1993; Greaves et al. 1997) .
Genetic correlation between growth and HTPC was positive, but low (around 0.40). Interestingly, the result suggests that correlation was stronger with diameter than with height, a result which deserves some further investigation since it was also found in Jordan et al. (2000) and Lopez et al. (2002) . This result suggests that breeding programs which select primarily for early growth are likely to lead to plantations with later leaf type changes. This may be a concern in areas prone to the attack of Teratosphaera nubilosa , a serious disease which affects only the juvenile foliage (Hunter et al. 2009; Milgate et al. 2005) . On the other hand, delaying the change of foliage to adult type may be of some advantage since it may delay the impact of defoliation by Gonipterus and other adult leaf eater insects (viz., de Little et al. 2008) . Since neither of these constitute a current problem in Colombia, it is difficult to attribute a particular selective advantage to HTPC. The magnitude of genotype-by-environment interactions at the race or family level was of little importance for growth and HTPC between the three second-generation trials. Strong environmental stability for growth and HTPC has been reported for E. globulus even when tested across a much wider range of conditions and countries (Costa-e-Silva and Dutkowski 2006). However, the genetic correlation for growth between the La Florida site and any of the other three sites was low and, in one occasion, slightly negative, although estimates were associated with large standard errors. Such poor correspondence between the family merits at La Florida and the other three sites is unlikely to be due to genotypeenvironment interactions since sites have very similar characteristics. The lower degree of relatedness between families present at La Florida and the other three trials (average relatedness coefficient of 1/8) may explain the poor and unreliable nature of the correlation found. However, another possible explanation for the poor correspondence may be the impact of inter-race outcrossing which is likely to be present in the second-generation group of families. Given the similar flowering season among most Tasmanian and Bass Strait races (viz., Jones et al. 2011) , one would expect that there has been a fair amount of pollen mix in the open-pollinated families. One would also expect the amount of selfing in second-generation open-pollinated families to be lower than the one found in native stand collections, although this may be debatable and high selfing has been reported in seed orchard seed too (e.g., Patterson et al. 2004 ). However, Hodge et al. (1996) and Volker (2002) also found modest correlations between parental breeding values based on "closed" versus "distant" crosses. In particular, the correlation between parental breeding values from native open-pollinated versus "distant" controlled-pollinated crosses was particularly poor.
Conclusions
The results found here are the first ones reported for E. globulus ssp. globulus growing in the unique environmental conditions found in the high Andean plateau of Central Colombia. For growth traits, they confirmed a low racial differentiation, moderate levels of genetic control, and stable family (genetic) performance across sites. On the other hand, racial differences were marked for wood density, with the Colombian landrace having the highest density. Although the merit of the Colombian landrace could not be established against other preeminent E. globulus races, such as Otways and Strezlecki Ranges, absent in the current collection, the combined analysis of growth and wood density suggests that the Colombian landrace material should be an important genetic resource for the future. The very poor genetic correlation found between ex-native and ex situ families suggests that progeny trials from native stand collections, although important from the point of view of genetic conservation, may be too unreliable to rank families and races. Forward selections should therefore focus on information coming as much as possible from the expectedly more outcrossed advanced-generation material.
Race effects and heritability were strong for height to phase change, and the results were highly stable across sites. Although there was a clear positive environmental relationship with site productivity, from a genetic viewpoint, growth and height to phase change appear to be only slightly positively correlated. The Colombian landrace tends to retain juvenile leaves longer and grow less compared with races from Furneaux Group or Western Tasmania, although as mentioned previously, there is considerable scope for improvement in both characteristic within races. Hence, from the strict point of view of stand productivity, there seems to be little advantage in late leaf change. However, the ecological and economic relevance of timing of phase change may change in the future since leaf type is related with susceptibility to several pests of economic importance.
